The southeast Greenland seaward-dipping reflector sequence (SDRS) is composed of Paleocene to Eocene volcanic rocks erupted during continental breakup. Volcanic rocks recovered from a transect across the SDRS at 63°N, during Ocean Drilling Program Leg 152, range in composition from picrite to dacite and represent all the magmatic phases in the development of the continental margin. The earliest magmas, represented by the pre-breakup succession at Site 917 (Lower and Middle Series), were strongly contaminated with continental crust, but the degree of contamination declined rapidly during the late stages of breakup (Site 917 Upper Series). Very low concentrations of incompatible elements in the uncontaminated primitive magmas made them extremely sensitive to the isotopic effects of crustal contamination. Basaltic rocks from the most seaward part of the transect (Site 918) were erupted after breakup and show no signs of contamination with continental crust. Two distinct crustal contaminants can be recognized: (1) lower crustal basic granulite with unradiogenic Nd, Sr, and Pb; and (2) Pb. The first contaminant affected only the earliest magmas, represented by the lower volcanic units in the Lower Series at Site 917. Later continental magmas were affected by the second contaminant, suggesting storage of magmas at progressively shallower levels in the crust as lithospheric extension proceeded toward continental breakup. The nature and degree of contamination are strikingly similar to those observed in the Hebridean Tertiary igneous province, which would have been adjacent to southeast Greenland during continental breakup.
INTRODUCTION
Ocean Drilling Program (ODP) Leg 152 sampled a transect across the volcanic rocks forming the seaward-dipping reflector sequence (SDRS) off southeast Greenland. These rocks were erupted between 61 and 52 Ma (Sinton and Duncan, this volume) and span the whole period of continental breakup and the development of the continental margin (Larsen, Saunders, Clift, et al., 1994; Fitton et al., 1995) . Chemical analyses of volcanic rocks from the Leg 152 transect have been presented by Fitton et al. (this volume) , Fram et al. (this volume) and Larsen, Fitton and Fram (this volume) .
The earliest, and most landward, lava flows (Hole 917A, Lower and Middle Series) represent a pre-breakup continental sequence showing an overall variation from olivine basalt to dacite. Evolved compositions dominate the upper parts of this sequence, and the lowest dacite unit is used to define the base of the Middle Series. A thin (67 cm) sandstone layer, which may represent a hiatus in volcanism at Site 917, separates the Middle Series from an overlying suite of picrite and olivine basalt flows (Hole 917A, Upper Series) erupted during the final phase of breakup. The younger parts of the SDRS (Sites 915 and 918) comprise compositionally uniform basalt thought to have been erupted from magma chambers associated with an oceanic spreading axis. Volcanic rocks that were erupted during and after breakup (Hole 917A, Upper Series, and Holes 915A and 918D, respectively) record a progressive increase in degree, and decrease in depth, of mantle melting and melt segregation as the lithosphere thinned and finally gave way to seafloor spreading (Fitton et al., this volume; Fram et al., this volume) . A thin basaltic sill intruding lower Eocene sands above the lava sequence at Site 918 is the youngest igneous rock sampled in the transect, and is probably related to a small off-axis volcano.
The Lower and Middle Series volcanic rocks at Site 917 show clear indications of contamination of the magmas with continental crust (Larsen, Saunders, Clift, et al., 1994; Fitton et al., this volume) . Variation of incompatible-element ratios with SiO 2 content cannot be explained by differentiation of the magmas by fractional crystallization alone, but requires assimilation of a crustal component containing high concentrations of, for example, Zr, light rare-earth elements (LREE), and Ba. A sample of Archaean gneiss collected from an onshore outcrop close to the Leg 152 transect (GGU 324721; BlichertToft et al., 1995) represents the type of crustal material that might have been involved. An increase in SiO 2 content upward through the Lower and Middle Series, correlated with indices of crustal contamination, suggests storage, differentiation, and contamination of the magma in crustal magma reservoirs fed with a dwindling supply of primary magma. The Upper Series picrite and olivine basalt flows at Site 917 show only slight evidence, in their trace-element abundances, for crustal contamination. This series represents a resurgence of magmatism accompanying the final stages of breakup of the margin, with near-primary magma erupted rapidly from mantle depths.
Simple fractional crystallization coupled with assimilation of a single crustal component cannot account for all of the variation seen in the Lower and Middle Series. Lava flows forming the lower half of the Lower Series in Hole 917A (below Unit 73A) have higher Sr/Zr and La/Th, and slightly higher Ba/Zr than do the upper flows (Fitton et al., this volume, fig. 10 ). The lower units require a contaminant that is chemically distinct from that affecting the Middle Series and the upper units of the Lower Series. This paper reports the results of isotopic studies that help to constrain the nature of the contaminants. We will show that the magmas represented by the lower parts of the succession were contaminated with basic granulite, probably in the lower crust, whereas the contaminant affecting later mag-mas had isotopic characteristics typical of upper crustal amphibolitefacies gneiss.
ANALYTICAL TECHNIQUES
Sr-, Nd-, and Pb-isotope analyses were conducted at the Scottish Universities Research and Reactor Centre (SURRC), East Kilbride, using aliquots of the same rock powders analyzed by Fitton et al. (this volume) . To minimize the effects of alteration on 87 Sr/ 86 Sr, the samples were leached in 6M HCl for 6 hr at 170°C, and then washed repeatedly in distilled water before Sr and Nd separation. Leaching for 6 hr was found to give constant 87 Sr/ 86 Sr, with no further change on leaching for 24 hr. Sr was separated from samples using standard cation exchange techniques. Nd was purified from the bulk rare-earth elements (REE) fraction from the cation exchange columns using two further columns. First, the REE were separated from Ba by loading the sample onto a column containing 0.25 ml of EiChrom SrSpec ion exchange resin and eluting with 3M HNO 3 , the Ba being retained on the column. Nd was separated from the other REE on a temperaturecontrolled anion exchange column as described by Barbero et al. (1995) .
Sr samples were analyzed on a VG 54E thermal ionization mass spectrometer. 87 Unleached powder samples were used for Pb-isotope analysis. Pb was separated by using standard HBr-HCl anion exchange techniques, and analyzed on a VG 54E thermal ionization mass spectrometer. The data were corrected for mass fractionation of 0.1% amu −1 based on replicate analysis of the NBS 981 standard. External reproducibility of the Pb isotopic ratios is 0.2% (2 s.d.), and analytical blanks were <1 ng.
RESULTS
Sr-and Nd-isotope ratios were determined on 32 samples, and most of these were also analyzed for Pb-isotope ratios. Samples are identified by site and unit (defined in Larsen, Saunders, Clift, et al., 1994) and these informal sample numbers are keyed to full ODP designations in Table 1 . The isotopic data are reported in Table 2 ; chemical analyses of the same samples are given in Fitton et al. (this volume) .
Variation of 87 Sr/ 86 Sr and 143 Nd/ 144 Nd in volcanic rocks from the Leg 152 transect is shown in Figure 1 . The effects of age-correcting data (to 60 Ma) from the three samples with the highest are also shown in this figure. These corrections were based on whole-rock Rb/Sr and Sm/Nd (from Fitton et al., this volume) . The other data have not been age corrected because of uncertainties in Rb/Sr in the acid-leached residues. This ratio is likely to be lower than in the whole-rock samples, and age correction would therefore be insignificant in comparison with the measured isotopic range. The isotopic composition (measured and age corrected) of a sample of Archaean gneiss collected on shore, close to the Leg 152 transect (GGU 324721; Blichert-Toft et al., 1995) , is also shown on this diagram. Dickin's (1981) estimates of average granulite-and amphibolite-facies Lewisian gneiss, corrected to 60 Ma, are included for comparison. These are believed to represent lower and upper continental crust respectively. Variation of 143 Nd/ 144 Nd with stratigraphic position in the SDRS is shown in Figure 2 . Several significant features of the isotopic data can be seen on Figures 1 and 2 . First, the post-breakup lavas collected from Hole 918D form a tight cluster with 143 Nd/ 144 Nd > 0.5130, values comparable with those from the most depleted basalts in Iceland (Hémond et al., 1993) and some normal mid-ocean-ridge basalt (N-MORB) samples from the Atlantic (Ito et al., 1987 Nd and high , consistent with assimilation of material similar to the gneiss sample 324721 and Dickin's (1981) average amphibolite-facies Lewisian gneiss. The LSb samples are from a group of lava flows toward the top of the Lower Series at Site 917, and are chemically distinct from the other Lower Series flows (LSa) in having high (Fitton et al., this volume) . Three LSa flows from the upper part of the Lower Series ( Fig. 2 ) plot between the two trends on Figure 1 .
Lead-isotope variation is shown in Figures 3 and 4 . These diagrams include data from Icelandic basalt (see Fig. 3 caption for data sources), Precambrian basement rocks of East Greenland (Leeman et al., 1976) and southeast Greenland (Taylor et al., 1992; Kalsbeek et al., 1993) , and Dickin's (1981) estimates of the isotopic composition of average granulite-and amphibolite-facies Lewisian gneiss. Samples from Hole 918D and most samples from the Upper Series in Hole 917A plot close to the Iceland data on both diagrams, as would be expected from the low 87 Sr/ (Fitton et al., this volume) . The elliptical field encloses data points representing samples from the lower part of the Lower Series at Site 917 (below Unit 73A), the oldest volcanic rocks recovered from the transect. Arrows show the change in isotopic composition upward through the Middle Series succession. Points labelled 324721 represent agecorrected and uncorrected data from a sample of gneiss collected onshore, close to the Leg 152 transect (Blichert-Toft et al., 1995) . Average compositions, corrected to 60 Ma, of granulite-(G) and amphibolite-facies (A) Lewisian gneiss (from Dickin, 1981) are shown for comparison. Series samples having more radiogenic , relative to , than the Lower Series samples.
DISCUSSION
Volcanic rocks erupted during breakup of the southeast Greenland margin show clear isotopic and elemental evidence for contamination of the magma, probably with continental crust. Contamination is most obvious in the pre-breakup volcanic rocks (Lower and Middle Series at Site 917) and falls off rapidly during the final stages of breakup (Fig. 2) . This pattern of contamination resembles that described by Holm (1988) in the onshore Tertiary lavas of East Greenland, where the earliest lavas in the succession (the Vandfaldsdalen Formation) are the most contaminated. Holm (1988) used isotopic and elemental variation to argue that the magmas were contaminated with lithospheric mantle and that contamination from continental crust was of minor importance. The principal criteria used by Holm (1988) were apparent isotopic and chemical dissimilarities between the contaminants and local basement rocks, and the lack of a clear correlation between degree of differentiation and isotopic composition of the lavas. A lithospheric mantle source was inferred essentially by default.
The volcanic rocks analyzed in the present study show a much larger range of isotope ratios than do those analyzed by Holm (1988) , and the effects of contamination are more clearly defined as a consequence. This probably reflects the more depleted character of the primitive magmas (Fitton et al., this volume) , which made them more susceptible to the effects of contamination. It is clear from Figures 1,  3 , and 4 that contamination with crustal rocks could explain the isotopic variation. Further evidence that continental crust was the principal contaminant comes from correlations between isotope ratios, indices of differentiation (e.g., SiO 2 content), and indices of contamination (e.g., incompatible trace-element ratios; Fitton et al., this volume) . Figure 5 shows the correlation between 143 Nd/ 144 Nd and SiO 2 content for the Leg 152 volcanic rocks. The most evolved rocks are also the most contaminated, as would be expected from storage and differentiation of magma in crustal magma reservoirs. Fig. 1 ). The data have not been age corrected. The isotopic composition of Pb in volcanic rocks from Iceland (gray circles; data from Cohen and O'Nions, 1982; Elliott et al., 1991; Furman et al., 1991; Hards et al., 1995; Park, 1990; Sun and Jahn, 1975; ; B.S. Hardarson and R.M. Ellam, unpubl. data), and in Archaean basement rocks (gray triangles) from East Greenland (Leeman et al., 1976 ) and southeast Greenland (Kalsbeek et al., 1993; Taylor et al., 1992) are shown for comparison. The average compositions of granulite-(G) and amphibolite-facies (A) Lewisian gneiss (from Dickin, 1981) Nd vs. SiO 2 (wt%) in volcanic rock samples recovered from the Leg 152 transect (sample identification as in Fig. 1 ). The field encloses data points representing samples from the lower part of the Lower Series at Site 917 (below Unit 73A), the oldest volcanic rocks recovered from the transect. SiO 2 data, recalculated on a volatile-free basis with all Fe as FeO, are from Fitton et al. (this volume) .
At least two different contaminants must have been involved in the evolution of the southeast Greenland SDRS magmas. The first of these, which affected the six analyzed samples from the lower part of the Lower Series at Site 917 (below Unit 73A, Fig. 2 (Fig. 5) . The contaminant in these units could be lithospheric mantle, though its inferred isotopic and chemical characteristics are more consistent with lower crustal basic granulite. Evidence that continental crust, rather than lithospheric mantle, dominates the contaminant in these six samples is provided by their Pb-isotope ratios, with 206 Pb/ 204 Pb as low as 13.77 in sample 917-74A. Such extreme compositions have never been reported from mantle xenoliths, nor from lamproites or other basic igneous rocks thought to originate within the subcontinental lithospheric mantle. Lamproite, kimberlite, ultramafic lamprophyre, and carbonatite occurrences are widespread in West Greenland, and some of these rocks probably had a lithospheric mantle source (Larsen and Rex, 1992) . Some mid-Proterozoic lamproites from West Greenland have extremely unradiogenic Pb, which may reflect the isotopic composition of their mantle source (Nelson, 1989) , but even the initial of these rocks is not as low as that in sample 917-74A. Although it seems inevitable that the early SDRS magmas interacted with lithospheric mantle, the effects of this have almost certainly been swamped by the effects of crustal contamination.
Unit 73A in the Lower Series (Fig. 2) shows no evidence for contamination in its Sr-, Nd-, and Pb-isotope ratios (sample 917-73A, Table 2 ), and heralds a significant change in the nature of the contaminant. Units higher in the Lower Series represent magmas contaminated by crust with distinctly more-radiogenic Sr (Fig. 1) . The change in the character of the contaminant above Unit 73A is also seen in the chemical composition of the lava flows of the Lower Series. Flows above Unit 73A have lower Sr/Zr, Ba/Zr, and La/Th than do flows lower in the succession (Fitton et al., this volume, fig. 10 ). A good negative correlation between 143 Nd/ 144 Nd and SiO 2 in these rocks (Fig. 5) provides strong evidence for contamination with silicic crust.
The transition from a low-87 Sr/ 86 Sr to a high-
87
Sr/ 86 Sr contaminant occurred progressively from the lowest flows of the Lower Series through the Middle Series (Fig. 1) . A large increase in Sr, low-143 Nd/ 144 Nd contaminant, but to a lesser extent (Fig. 1) .
Evidence for a change in the nature of the contaminant with time also can be seen in the Pb-isotopic composition of the volcanic rocks. All of the contaminated rocks fall on a single array on a 207 Pb/ 204 Pb vs.
206
Pb/
204
Pb diagram (Fig. 3) , but show more scatter in 208 Pb/ 204 Pb (Fig. 4) Pb, than do those from the lower part (Fig. 4) . This implies that the later magmas were contaminated with crust with higher timeintegrated Th/U than were the earlier magmas, consistent with the observation (Fitton et al., this volume) of an abrupt decline in La/Th above Unit 74A in the Lower Series at Site 917.
The style of crustal contamination recorded in the southeast Greenland volcanic sequence closely resembles that which affected the contemporaneous magmas of the Hebridean igneous province of northwest Scotland, on the conjugate continental margin. Isotopic variation in these rocks can be modeled by variable contamination with granulite-and amphibolite-facies Lewisian gneiss (Carter et al., 1978; Dickin, 1981) representing, respectively, the lower and upper continental crust in this area. Dickin's (1981) average granulite-and amphibolite-facies Lewisian gneiss compositions provide plausible analogues for the contaminants in the southeast Greenland magmas (Figs. 1, 3, and 4) . The Lewisian crust of northwest Scotland is very similar in its history and isotopic composition to that of southern Greenland (e.g., Kalsbeek et al., 1993) . Published Pb-isotope ratios of Archaean basement rocks from East and southeast Greenland, plotted on Figures 3 and 4 , are broadly comparable with data from the more contaminated volcanic rocks. Some of the volcanic rocks, however, have more extreme Pb-isotopic compositions than any of the crustal rocks, implying the presence of very unradiogenic Pb at depth in the crust.
The combined effects of crustal assimilation and fractional crystallization (AFC) can be modeled if the compositions of contaminant and uncontaminated primitive magma are known (DePaolo, 1981) . The results of an attempt to do this for the southeast Greenland volcanic rocks are shown in Figure 6 . The calculations were based on Zr and 143 Nd/ 144 Nd because both Zr and Nd are relatively immobile during alteration and both have partition coefficients close to zero for phases (principally olivine and plagioclase) likely to be involved in low pressure fractional crystallization. Furthermore, 143 Nd/ 144 Nd has approximately the same value in both granulite-and amphibolite-facies Lewisian rocks (Dickin, 1981) , and in gneiss sample 324721 (Fig. 1) Nd of 0.5131, based on the composition of the uncontaminated oceanic basalts from Site 918. Sample 324721 (Blichert-Toft et al., 1995; Fitton et al., this volume) was taken as the crustal contaminant.
It must be stressed that Figure 6 serves only to illustrate the possible effects of AFC processes and should not be taken too literally, because the chosen primitive magma and contaminant compositions will not be applicable to all samples. The sill at Site 918, for example, is less depleted in incompatible elements than are the other oceanic basalts, and its parental magma would have had higher concentrations of Zr and Nd. However, several observations can be made from this diagram. First, the lowest of the crustal component, without significant fractional crystallization. The bulk composition of sample 324721 is not strictly appropriate for the contaminant affecting the lower lavas of the Lower Series because its 87 Sr/ 86 Sr (0.7166; Blichert-Toft et al., 1995) is much too high (Fig. 1) . The composition of a more appropriate partial melt from a more mafic lower crust would probably have lower concentrations of Zr and Nd than those in 324721. Lowering the Zr and Nd contents of the crustal component by a factor of two, to values similar to those in granulite-facies Lewisian leucogneiss (Weaver and Tarney, 1980) , would double the amount of contaminant required. This level of contamination is comparable to the 15% deduced by Thompson et al. (1982) for the most contaminated basalts from Skye and Mull. Second, the Middle Series silicic rocks can be modeled by similar degrees of assimilation coupled with more extensive fractional crystallization. And third, the Upper Series olivine basalt and picrite magmas show evidence for some fractional crystallization with only minor assimilation of crust.
It is not possible to apply the same calculations to Pb-isotope ratios because the most contaminated basalts have slightly more-unradiogenic Pb than any of the analyzed crustal rocks (Figs. 3, 4) . This implies either that the Pb in these volcanic rocks is entirely crustal in origin, or that crustal rocks containing even more-unradiogenic Pb exist at depth but have not been sampled at the surface in East or southeast Greenland. Highly unradiogenic Pb has been reported in the 3.7 Ga Amitsoq gneiss of southwest Greenland (Moorbath et al., 1975) , and, similar material, if it exists in the southeast Greenland crust, could explain the unradiogenic Pb in lava flows from the lower part of the Lower Series. This would be a less satisfactory explanation, however, for the Middle Series volcanic rocks that have assimilated crust with high 87 Sr/ 86 Sr and therefore high time-integrated . Such crust is unlikely to have very low U/Pb. The problem of apparently large proportions of crustal Pb in relatively primitive basalt was also encountered by Dickin (1981) in his study of the Tertiary volcanic rocks of Skye. Dickin (1981) noted that some rocks showing no other evidence for contamination still contained a significant proportion of crustal Pb. He proposed that magmas can be selectively contaminated with Pb due to the greater mobility of this element. The close similarity in isotopic variation in the southeast Greenland and Hebridean Tertiary igneous suites has already been noted. Both show extreme levels of isotopic contamination with continental crust, to the extent that the original mantle isotopic signatures have been completely overprinted in many otherwise primitive basalts. This is probably because the uncontaminated primitive magmas in both provinces resembled N-MORB in their low incompatible-element concentrations (Wood, 1980; Thompson et al., 1982; Fitton et al., this volume) and both were therefore extremely susceptible to the effects of contamination. Magmatism in the Hebrides and southeast Greenland was initiated contemporaneously by lithospheric extension prior to continental breakup.
By analogy with Hebridean magmatism, the contaminant affecting the southeast Greenland magmas during continental extension and breakup seems to have changed, through time, from basic granulite-facies gneiss to amphibolite-facies gneiss. It is tempting, therefore, to conclude that the magma reservoirs moved to shallower depths in the crust over this period. A similar shallowing of magma reservoirs has been proposed for the East Greenland Tertiary lava successions, on the basis of basalt phase relations, by Fram and Lesher (1997) . The nature of the crustal contaminant does not necessarily relate to depth of magma storage, because both granulite-and amphibolite-facies gneisses are exposed at the surface. However, the observed pattern of contamination could only be produced in magma stored at one level in the crust if amphibolite-facies gneiss were more refractory than granulite-facies gneiss. Even if this were so, it is unlikely that such a clear temporal pattern of contamination (Fig. 1) would result.
CONCLUSIONS
The magmas that gave rise to the SDRS off southeast Greenland were variably contaminated with continental crust. Volcanic rocks forming the pre-breakup succession closely resemble rocks from the Hebridean province in the nature and degree of contamination. Very low concentrations of incompatible elements made the uncontaminated primitive magmas in both provinces extremely sensitive to the effects of crustal contamination so that their original Sr-, Nd-, and Pb-isotopic ratios were easily overprinted by those of the crust. Contamination levels were generally high in the earliest SDRS magmas but declined rapidly during the final stages of continental breakup. Two distinct contaminants can be recognized in the isotopic and elemental composition of the volcanic rocks. Holm (1988) for the onshore Tertiary volcanic rocks of East Greenland, cannot be excluded but is not required by the data. The contaminant changed with time through the pre-breakup volcanic succession; the earliest volcanic rocks were contaminated with granulite-and the later ones with amphibolite-facies gneiss. This suggests that magmas were stored at progressively shallower levels in the crust as lithospheric extension proceeded toward continental breakup.
